Storage of maternal mRNAs as nontranslated ribonucleoprotein (RNP) complexes is an adaptive strategy in various vertebrate and invertebrate oocytes, for rapid translational recruitment during embryonic development. Previously, we showed that Xenopus laevis oocytes have a soluble cytoplasmic pool of mRNA-binding proteins and particles competent for messenger RNP assembly in vitro. Here we report the isolation of cDNAs for the most abundant messenger RNPs, the 54-and 56-kDa polypeptide (p54/p56) components of the -6S mRNA-binding particle, from an ovarian expression library. The nucleotide sequence of p56 cDNA is almost identical to that recently reported for the putative Xenopus transcription factor FRG Y2. p54 and p56 are highly homologous and are smaller than expected by SDS/PAGE (36 kDa and 37 kDa) due to anomalous electrophoretic mobility. They lack the "RNP consensus motif" but contain four arginine-rich
sic/aromatic regions and a second conspicuous 100-amino acid "domain C" of p54 and p56 are conserved in the following DNA-binding proteins: human proteins dpbA, dpbB, and YB-1, rat protein EFIA, and Xenopus protein FRG Y1, all reported to bind to DNA; domain C is homologous to the major Escherichia coli cold-stress-response protein reportedly involved in translational control. Antibodies raised against a peptide of domain C have identified similar proteins in Xenopus somatic cells and in some mammalian cells and tissues. We conclude that p54 and p56 derme a family of RNA-binding proteins, at least some of which may be involved in translational regulation.
Cellular mRNA is associated with protein from the time of its synthesis until its degradation. Nuclear proteins that associate with pre-mRNA during and after transcription (e.g., refs. 1 and 2) provide the structural context for, or are even functionally involved in, its processing and nuclear export. The cytoplasmic poly(A)-binding protein (3, 4) and translation initiation factors (5, 6) are well-characterized nonribosomal mRNA-binding proteins. Recent studies on cytoplasmic mRNA-binding proteins that either bind to diverse mRNAs (7) or to specific mRNA sequences, such as the ferritin iron-response element (8) (9) (10) and the AUUUA degradation signal (11, 12) , have pointed to distinct proteins involved in the regulation of mRNA translation and turnover.
From classic embryological work, it is known that oocytes and eggs of diverse species (vertebrates and invertebrates) contain mRNAs in abundance that are translationally blocked ("masked") at these stages but are actively used later during development of the embryo (13) , and an involvement of certain maternal proteins in this regulation has long been postulated (14) . Xenopus laevis oocytes, for example, actively accumulate nontranslated mRNA in proteincontaining particles (15, 16) that are recruited for translation only much later, i.e., in early development after the midblastula transition (e.g., refs. [17] [18] [19] [20] . In the set of nonribosomal proteins associated with these messenger ribonucleoproteins (mRNPs) (21), polypeptides do. 60, 56 , and 54 kDa are particularly abundant and hA01 i8gh described as translational regulators, based on theif Observed ability to inhibit translation of in vitro-assembled ihRNPs (22, 23) .
Using an in vitro mRNA-binding assay, we have identified (24) , in a soluble cytoplasmic pool of X. laevis oocytes and early embryos a set of mRNA-binding proteins and particles. In particular, a 15S particle containing mRNA-binding proteins of 100, 60, 56, and 54 kDa appeared to be an abundant and important protein donor in mRNP assembly. The 54-and 56-kDa polypeptides (p54 and p56) were also found in a 6S particle, probably as a heterodimer. In addition, mRNA binding was shown to be phosphorylation-dependent for each of the mRNA-binding polypeptides and particles. Using p54/p56 antibodies, we report here the isolation and sequences of cDNAs* encoding these polypeptides, which represent a family of evolutionarily conserved mRNAbinding proteins.
MATERIALS AND METHODS
Biological Samples. Procurement and care of X. Iaevis and Pleurodeles waltlii adults and tissue removal were as described (25) . Eggs were stripped from females and dejellied (26) , oocytes were staged according to their diameter (27) , and embryos were staged according to the Normal Table (28). Isolation and Analysis of cDNA Clones. A Agtll expression library from X. laevis previtellogenic ovaries (29) was screened with p54/p56 antibodies at a 1:7000 dilution, using 1251I-labeled protein A for detection of bound immunoglobulin. Six clones were isolated, three of which contained multiply ligated inserts, as determined by testing individual Eco fragments on Northern blots. Random-and oligo(dT)-primed AZAPII (Stratagene) libraries were constructed using a cDNA synthesis kit (Pharmacia) and poly(A)+ RNA from previtellogenic ovaries of stage 65 froglets that was selected on poly(U)-Sepharose (Pharmacia; ref. 30) . cDNA restriction fragments were subcloned into M13 and both strands were sequenced, using T7 DNA polymerase and when necessary 7-deaza-GTP (Pharmacia).
RNA Analysis. RNA was electrophoretically separated on formaldehyde-containing Mops/1.2% agarose gels, transferred to nitrocellulose, and probed with random-primed Abbreviations: aa, amino acid(s); RNP, ribonucleoprotein; mRNP, messenger RNP; nt, nucleotide(s); B/A islands, basic/aromatic islands. *The sequence reported in this paper has been deposited in the GenBank data base (accession no. M80257).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. was isolated and cloned into the HindIII site of the pQE-11 1 GAGGAGGAG;CATGAGTGAGGCGGMACCCCGAGAGACTGMGCGGTTACACAGCCGGAi plasmid (Quiagen, Studio City, CA) after the addition of HindIII linker. Transformants of Esfherichia coli M15 containing plasmid pREP4 (32) were tested for expression of peptide 1 upon induction with 2 mM isopropyl 8-Dthiogalactopyranoside. Peptide 1 is 74 amino acids (aa) and migrated in 8 M urea SDS/PAGE as predicted. Peptide 1 (3 mg) was isolated from a 500-ml culture 2.5 h after isopropyl ,3-D-thiogalactopyranoside induction by nickel chelate affinity chromatography. Guinea pigs were given three 100-pg injections of peptide 1 in adjuvant over 6 weeks, the animals were sacrificed, and sera were collected. Peptide 1 antisera were used at a 1:5000 dilution (24) . Cytoplasmic and nuclear protein fractions were isolated according to Dignam et al. (33) from Xenopus liver. Oocytes, eggs, and embryos were disrupted in buffer containing 20 mM Hepes (pH 7.9), 0.1 M KCI, 0.2 mM EDTA, and 0.5 mM dithiothreitol and centrifuged for 10 min at 10,000 x g at 4°C, and the supernatant was taken for SDS/PAGE. To reutilize the blot, antibodies were stripped from immunoblots as described (34) .
Protein Isolation and Sequence Analysis. Peptides of p54 and p56 from V8 protease, trypsin, and chymotrypsin (Boehringer Mannheim) digests were prepared as described (see, e.g., ref. 53). Peptide fragments were directly sequenced using a model 477A protein sequencer (Applied Biosystems).
Immunofluorescence Microscopy. Cryostat sections through snap-frozen ovaries were processed as described (26) using conditions to optimize the detection of soluble proteins, including 1 mM MgC12 (35) .
RESULTS
By using immunoblots and antibodies against both polypeptides (p54 and p56) of the 6S mRNA-binding particle (24) , we determined when these mRNA-binding proteins were synthesized during oogenesis (Fig. la) . Levels of the 6S particle proteins had reached their maximum in previtellogenic stages (stage II) and remained at this level throughout oogenesis. The antibodies were then used to screen a Agtll expression library from previtellogenic ovary. The obtained partial clones wpre then used to screen newly constructed AZAPII libraries made from previtellogenic ovary mRNA. All oligo(dT)-primed cDNAs for p54 and p56 were incomplete, the longest being clone 20 (720 bp; starting at bp 502, see Fig. 2 ). Overlapping internally primed cDNAs extended their sequence in the 5' direction. The cDNA sequences show that p54 and p56 are independent but highly homologous and that p56 shares 98% identity with the recently isolated FRG Y2 cDNA (36) . The high degree of sequence identity between p54 and p56 (89o across the entire cDNA sequence) would be compatible with the hypothesis that they represent alleles in the X. laevis tetraploid genome.
The size of p54 and p56 mRNAs was determined by Northern blot analysis to be from 1.7 to 1.8 kilobases (kb) (Fig. lb) , by using a probe that would detect both p54 and p56 mRNA. The observed broad hybridization signal may result from variations in the extent of polyadenylylation of these mRNAs. An additional much weaker signal was noted at 2.2 kb upon longer exposure (Fig. lb') . p54 and p56 mRNAs are abundant in previtellogenic stage oocytes (lane 1), corresponding to the attainment of near-maximal levels of these proteins in early stages of oogenesis. The nucleotide sequence of p54 presented in Fig. 2 contains the complete reading frame for p54 although it is predicted to encode a polypeptide of 36 kDa. Coupled in vitro transcription and translation of p54 clone 8 (nt showed that its product comigrated with p54 (Fig. 3) , indicating that the AUG at nt 11 is the initiating methionine. The cDNA-derived amino acid sequences of p54 and p56 (using FRG-Y2) are aligned in Fig. 4 along with the directly determined sequences of p56 peptides. Direct amino acid sequencing ofpeptides from p54 and p56 isolated from Xenopus ovary proved the identity of p54 and p56 cDNAs. In particular, p54 peptide V8-3 and p56 peptide CT-5, which overlap at PP-PIQTPE/APQQTPE (aa 242-248; where underlined residues are overlap identities), unambiguously identified the cDNA clone for each polypeptide. There is also complete agreement with the four short peptide sequences reported by Deschamps et al. (37) , although these authors did not notice the identity with FRG Y2.
Comparison of p54 and FRG-Y2 (i.e., p56) cDNA-derived amino acid sequences (Fig. 4) shows 87% amino acid identity with an additional 12 aa encoded by p56. The primary sequences of p54 and p56 encode basic polypeptides with a high content of arginine residues (11% in p54), resulting in a predicted isoelectric point >9. They also have an unusually high proline content (13% in p54) and are characterized by the presence of four sequence domains rich in arginine and aromatic amino acids, containing from 15 to 25 residues ["basic/aromatic (B/A) islands" I-IV in Fig. 4 ], which are interspersed by negatively charged stretches of 15-33 aa. The high local concentration of charged amino acids may account for the anomalous mobility of p54 in SDS/PAGE, similar to that noted for the highly acidic histone-binding proteins N1/N2 (38). The 6S particle represents a phosphoprotein, with p54 and p56 exhibiting a range of isoforms migrating toward neutral and slightly acidic positions (24) . The translated sequences predict at least 10 potential casein kinase II and two protein kinase C phosphorylation sites.
Computer searches revealed that p54 and p56 share, in addition to the existence of B/A islands, a domain of -100 aa (domain C of Fig. 4 ) with the following DNA-binding pro-
CT-3 DVVEGE p54 101 KGAEAANVTGPGGVPVKGSRFAPNSTRFRRQFYRPRADTAGESGGEGVSPEQMSEGEKGEETSPQQRPQRRRPPPFFYRRRFRRGP NNQQNQGAEVTD ************************ **** ************************** ***************************************** FRG Y2 101 KGAEAANVTGPGGVPVKGSRFAPNRRRFRRRFYRPRADTAGESGGEGVSPEQMSEGERGEETSPQQRPQRRRPPPFFYRRRFRRGPRPNNQQNQGAEVTE p56 CT-3 KGAEAXXXTGPGG p54 201 QSENKDPAAPTSEALASGDGQQRPPPRRFQQRFRRPFRPRPPPPQTPEGGDGEAKAEG ...... EPQRQRNRPYVQRRRAQQ .... PPTVQGESKAEPSE ******* *********** ******** *********** * ********* *** ***************** * *** **** Proc. Natl. Acad. Sci. USA 89 (1992) teins: human proteins dbpA, dbpB, and YB-1 (39, 40) , rat protein EFlA (41) , and Xenopus protein FRG Y1 (36) . In domain C, the overall identity between p54 and human dbpA, extending from Lys-35 to Ser-119 of p54, is 93%. Domain C is also highly homologous to the 70-aa major E. coli coldshock protein (CS7.4; refs. 42 and 43). p54 and p56 show no significant homology to the well-known RNP consensus sequence of :80 aa with its two RNP motifs (e.g., refs. 44 and 45). Secondary structure predictions (46, 47) indicate that p54 and p56 contain only relatively short stretches of a-helices or a-sheets and that the aromatic/basic islands, which contain one or several proline residues, do not display any particular structure (data not shown).
To further study the distribution of proteins containing domain C, the p54 encoding 222-bp fragment was subcloned into a bacterial expression plasmid and expressed in E. coli. The resulting peptide 1 comprises 74 aa, extending from Leu-37 to Gly-110 of p54, and has six histidine residues at its amino terminus to facilitate purification by nickel chelate affinity chromatography. When antibodies raised against this peptide were used for immunoblots (Fig. 5) , they recognized both p54 and p56 from oocytes, eggs, and early and advanced embryos (Fig. Sa) . In other cell types and species, proteins with the conserved domain were detected at =50 kDa in bovine testis (Fig. 5b, lane 1) and at -62 kDa in the cytoplasmic proteins from X. laevis tissues, such as liver (lane 3). In immunoblot experiments, no reactive nuclear polypeptides were detected (lane 2), even upon extended exposure, although it cannot be excluded that some nuclear proteins may have fractionated with the cytoplasmic proteins. In situ analysis of p54/p56 cellular localization by immunofluorescence using p54/p56 antibodies showed strong cytoplasmic 1 2 3 4 5 4 5 6 7 8 1 2 3 staining and a virtual absence of nuclear reactivity in the small oocytes of Pleurodeles ovary (Fig. 6 ).
DISCUSSION
The two closely related polypeptides p54 and p56 are known to be abundant RNA-binding proteins in the cytoplasm of amphibian oocytes where they occur in two forms: as components of RNP particles containing nontranslated (i.e., masked) mRNAs (e.g., refs. 21, 48, and 49) and in "free" particles of 6 S and -15 S that actively bind mRNA in vitro (24) . Our amino acid determination now shows that these two mRNA-binding polypeptides are highly homologous to one another but are clearly different from all other types of RNA-binding proteins described so far, including the large group characterized by the 80-aa RNAbinding domain containing the RNP consensus motifG(F/Y)(G/ A)FV (4, 45, 50) . Therefore, p54 and p56 define a category of RNA-binding proteins.
The clusters of aromatic and arginine residues in the B/A islands show overall similarity to the binding motifs in certain other mRNA-binding proteins such as the bacteriophage mRNA antiterminators (52) and the tat protein of human immunodeficiency virus (53, 54) . This may suggest that these motifs are involved in actual mRNA binding, although this remains to be proven. The B/A islands share similarities with domains that follow the RNP consensus motif of several proteins, including the GN(F/Y)GG(S/G)RG repeat of heterogeneous nuclear RNP Al, which interacts cooperatively with the RNP motif (55), the carboxyl terminus of nucleolin with dimethylarginine and aromatic residues separated by glycine dipeptides (50) , and the DRYG repeats of eukaryotic initiation factor 4B (6). Our hypothesis that p54 and p56 are major mRNA-binding proteins contributing to translational control also seems to be supported by the striking homology of the C domain with the small E. coli cold-shock protein CS7. 4 , which has been implicated in the adaptive general inhibition of translational initiation that characterizes cold shock (42, 56, 57) .
We report that the highest concentration of p54 and p56 in the oocyte is achieved early in the previtellogenic stage II oocyte and then maintained at a significant level throughout oogenesis, in direct contrast to reports of a steady decline in the concentration of p56 during oogenesis (48 (1992) 15 ancy may be due to their very specific monoclonal antibody recognizing only a specific isoform of p56 or to differential losses during the extraction procedure. Our results also contradict the widely discussed correlation of the declining concentration of p56 and an increase in translation during later oogenesis (13, 58, 59 ). The continued presence of p54 and p56 during early embryogenesis also requires comment in light of our previous observation (24) that after gastrulation p54 and p56 were no longer found in the soluble protein fraction. Our present results suggest that p54 and p56 move into faster sedimenting forms during and after gastrulation, the nature of which requires further investigation. It is a surprising observation that the abundant mRNAbinding protein p56 is identical to the protein FRG Y2, recently reported (36) as a DNA-binding transcription factor specific for the DNA "Y box" motif located in the promoter region of certain genes. Tafuri and Wolffe (36) also isolated a related cDNA, FRG Y1, which appears to be a homolog of the Y box DNA-binding proteins, human YB-1 (40) and rat EFIA (41) , found in somatic cells. These Y box-binding proteins and another putative DNA binding protein, human dbpA (39) , share the presence of the major motives of domain C and the B/A islands.
In the oocyte, p54 and p56 are very abundant proteins (21, 24, 37, 49) that are largely restricted to the cytoplasm in the form of mRNP particles or as soluble proteins (refs. 21 and 24; Fig. 6 ). It is clear that a role of p54 and p56 as major mRNA-binding proteins does not exclude additional functions in binding to transcriptional regulatory DNA elements and promoting transcription of specific genes (36, 40, 41) . Thus p54 and p56 might be nucleic acid-binding proteins of dual function (i.e., binding to mRNAs and promoting transcription of certain genes) in a fashion somewhat analogous to what has been shown for the Xenopus transcription factor TFIIIA, which binds to 5S rRNA and to regulatory elements located in the corresponding genes (51).
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